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Abstract  
An experimental i n v e s t i g a t i o n  o f  vor tex  breakdown on d e l t a  wings a t  h igh  angles 
i s  presented. Thin d e l t a  wings having sweep angles o f  70, 75, 80 and 85 degrees are 
being studied. Smoke f l o w  v i s u a l i z a t i o n  and the  l a s e r  l i g h t  sheet technique are 
being used t o  ob ta in  cross-sect ional  views o f  t h e  leading-edge v o r t i c e s  as they 
break down. At low tunnel speeds -(as low as 3 mls) d e t a i l s  o f  t he  f low, which are 
usua l l y  _ impercept ib le or  b l u r r e d  a t  h igher speeds, can be c l e a r l y  seen. A 
combinat ion o f  l a t e r a l  and l o n g i t u d i n a l  cross-sect ional  views provides i n fo rmat ion  
on the  three-dimensional na ture  o f  t h e  vor tex  s t r u c t u r e  before, du r ing  and a f t e r  
breakdown. Whereas d e t a i l s  o f  t h e  f l o w  are i d e n t i f i e d  i n  s t i l l  photographs, the  
dynamic c h a r a c t e r i s t i c s  o f  t h e  breakdown process have been recorded us ing high-speed 
movies. V e l o c i t y  measurements have been obtained using a  1  aser Doppler anemometer 
w i t h  the  70 degree d e l t a  wing a t  30 degrees angle o f  attack. The measurements show 
t h a t  when breakdown occurs t h e  core f l o w  t ransforms f rom a j e t - l i k e  f l o w  t o  a  wake- 
l i k e  f low.  
In t roduc t ion  
The f l o w  s t r u c t u r e  on t h e  upper  s i d e  o f  a  d e l t a  w i n g  a t  a n g l e  o f  a t t a c k  i s  
extremely complex. A t  moderate angles o f  a t tack  t h e  leeward f l o w  f i e l d  i s  dominated 
by  h i g h l y  o r g a n i z e d  v o r t i c a l  f l o w s  emanat ing  f r o m  t h e  w ing  l e a d i n g  edge. The 
v o r t i c i t y  shed from the lead ing edge r o l l s  up i n t o  a  p a i r  o f  p r imary  v o r t i c e s  which 
can create  secondary v o r t i c e s  as i l l u s t r a t e d  i n  F igure 1. 
One o f  t h e  most i n t e r e s t i n g  phenomena associated w i t h  lead ing edge vo r t i ces  i s  
t h e i r  breakdown. The breakdown o r  burst ing,  as i t  i s  commonly cal led,  r e f e r s  t o  a  
sudden and r a t h e r  dramatic s t r u c t u r a l  change which u s u a l l y  r e s u l t s  i n  the  tu rbu len t  
d i s s i p a t i o n  o f  t h e  vo r tex .  V o r t e x  b u r s t i n g  i s  c h a r a c t e r i z e d  b y  a  sudden 
d e c e l e r a t i o n  o f  t h e  a x i a l  f l o w  i n  t h e  v o r t e x  core,  t h e  f o r m a t i o n  o f  a  s m a l l  
r e c i r c u l a t o r y  f l o w  reg ion ,  a  decrease i n  t h e  c i r c u m f e r e n t i a l  v e l o c i t y  and an 
increase i n  t h e  s i ze  o f  t he  vortex. 
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The breakdown o f  leading-edge v o r t i c e s  has been under study s ince the l a t e  
1 9 5 0 3  when research and design work on d e l t a  wing a i r c r a f t  were i n i t i a t e d ,  
I n Q r e s t  i n  t h e  phenomenon has i n t e n s i f i e d  i n  recen t  years as concepts f o r  h i g h l y  
maneuverable a i  r c r a f t  have been developed, These h i  gh-performance a i  r c r a f t  are 
expected t o  operate r o u t i n e l y  a t  angles o f  a t t a c k  a t  which vor tex breakdown i s  known 
t o  occur. 
Several d i s t i n c t  types o f  vor tex  breakdowns have been i d e n t i f i e d  i n  vor tex  tube 
experiments (Ref. 1); however, the  two most common forms o f  breakdown on wings are 
the bubble and s p i r a l  types. The bubble o r  "axisymmetric" mode o f  vor tex  breakdown 
i s  character ized by a stagnat ion p o i n t  on the  s w i r l  axis,  f o l l owed  by an oval-shaped 
r e c i r c u l a t i o n  bubble. The bubble i s  n e a r l y  symmetric over most o f  i t s  length, bu t  
the r e a r  i s  open and asymmetric (Figure 2). 
The s p i r a l  mode o f  breakdown i s  character ized by a r a p i d  dece lera t ion  o f  the  
core f l o w  fo l l owed  by an abrupt k ink  a t  which p o i n t  t h e  core f l o w  takes the  form o f  
a s p i r a l  which p e r s i s t s  f o r  one o r  two tu rns  before breaking up i n t o  l a r g e  scale 
turbulence (Figure 3a). For leading-edge v o r t i c e s  the  sense o f  t h e  s p i r a l  winding 
has been observed t o  be o p p o s i t e  t o  t h e  d i r e c t i o n  o f  r o t a t i o n  o f  t h e  upstream 
vortex; however, t h e  sense o f  r o t a t i o n  o f  t h e  winding i s  i n  the  same d i r e c t i o n  as 
the  r o t a t i o n  o f  t h e  upstream v-(Figure 3b). 
I n  vor tex  tube experiments i n  which t h e  vor tex  s w i r l  speed can be c o n t r o l l e d  
and va r ied  independently o f  Reynolds number (Ref. l),  t he  s p i r a l  type has been found 
t o  occur a t  low values o f  s w i r l  f o r  a given Reynolds number. As the  s w i r l  speed i s  
increased the  s p i r a l  form can be seen t o  t rans form i n t o  the  bubble form a t  a c e r t a i n  
c r i t i c a l  value o f  s w i r l .  
W h i l e  t h e  bubb le  t y p e  breakdown has been observed on d e l t a  w ings  i n  l o w  
Reynolds number water tunnel s tud ies  (Ref. 2), i t  i s  the  s p i r a l  type which i s  more 
commonly observed i n  wind tunnel studies. 
A wind tunnel smoke f l o w  v i s u a l i z a t i o n  study i s  described herein. Four d e l t a  
wings w i t h  sweep angles o f  70, 75, 80 and 85 degrees were tes ted a t  angles o f  a t tack  
f rom 10 t o  40 degrees. The f r e e s t r e a m  v e l o c i t y  was 3 m/s. A l o w  f r e e s t r e a m  
v e l o c i t y  was chosen because d e t a i l s  o f  t h e  f l o w  can be seen which a re  impercept ib le  
a t  h igher speeds. 
V e l o c i t y  p r o f i l e s  a r e  p resen ted  f o r  t h e  leading-edge v o r t e x  on a 70 degree 
d e l t a  wing a t  30 degrees angle o f  a t tack  and a f reestream v e l o c i t y  o f  9.1 m/s. The 
a x i a l  and s w i r l  v e l o c i t y  components were obtained i n  separate t e s t  runs using a 
s i n g l e  component laser .  Since a frequency s h i f t i n g  u n i t  was n o t  a v a i l a b l e  a t  the 
t ime  o f  t h e  t e s t  o n l y  the  absolute value o f  t h e  v e l o c i t y  was measured. 
Experimental Equipment 
A l l  experiments reported on i n  t h i s  paper were conducted i n  the  U n i v e r s i t y  o f  
N o t r e  Dame's l o w  t u r b u l e n c e ,  subson ic  smoke w i n d  tunne l .  The t u n n e l  i s  o f  t h e  
i n d r a f t  v a r i e t y  and i s  shown i n  F i g u r e  4. Twelve a n t i - t u r b u l e n c e  screens a r e  
l o c a t e d  i n  f r o n t  o f  a 24:l area c o n t r a c t i o n  cone, The combs'nat ion s f  a n t i -  
t u r b u l e n c e  screens and t h e  l a r g e  i n l e t  c o n t r a c t i o n  p r o v i d e s  a u n i f o r m  v e l o c i t y  
profile w i t h  a tarrbulence i n t e n s i t y  o f  l ess  than 0.1% I n  the  tunnel  t e s t  sect ion.  
The t e s t  s e c t i o n  i s  1826imm long w i t h  a 610 x 6 P O m m  square cross section, The t e s t  
sec t ion  was designed w i t h  l a rge  p l a t e  g lass windows i n  t h e  top  and $o"s ssides o f  the 
sec t ion  t o  p rov ide  adequate v iewing area f o r  the  v i s u a l i z a t i o n  studies, Fof lsw ing  
the  t e s t  sect ion,  the f l o w  i s  expanded i n  a d i f f u s e r ,  The tunnel i s  powered by an 
e ight-b laded f a n  and an l l k w  AC i n d u c t i o n  motor loca ted  a t  the end o f  t h e  d i f f u s e r  
sectj on. 
For v i s u a l i z a t i o n ,  smoke was generated by the  f l a s h  vapor iza t ion  o f  deodorized 
kerosene which was a l lowed t o  d r i p  on to  e l e c t r i c a l l y  heated plates. The smoke was 
pushed t h r o u g h  t h e  g e n e r a t o r  and i n t o  t h e  smoke r a k e  b y  a s m a l l  s q u i r r e l  cage 
blower. F igure  5 i s  a sketch o f  t he  smoke generator. The smoke rake cons i s t s  o f  a 
h e a t  exchanger,  f i l t e r  bag and smoke tubes. F o r  t h i s  s tudy,  t h e  smoke was 
in t roduced v i a  a s i n g l e  tube as i l l u s t r a t e d  i n  F igure 6. 
Four t h i n  p l e x i g l a s s  d e l t a  wing models were used i n  t h i s  study. The models 
each had a r o o t  chord o f  406mm and were 6.4mm t h i c k  w i t h  sweep angles o f  70, 75, 
80, and 85 degrees. The l e a d i n g  edge was b e v e l e d  w i t h  a 25 degree angle.  The 
models were s t i n g  mounted t o  a support system t h a t  prov ided very l i t t l e  i n te r fe rence  
t o  t h e  f low.  
To i l l u m i n a t e  the  smoke ent ra ined i n t o  the  leading-edge vo r tex  system a l a s e r  
l i g h t  source was used. During the  course o f  t h i s  s tudy two d i f f e r e n t  l a s e r s  were 
used. A Lexel blodel 95, 8 w a t t  argon i o n  l a s e r  and a Spectra Physics model 164, 4 
w a t t  argon i o n  l a s e r  were used i n  con junc t ion  w i t h  a s p l i t t e r  l ens  having e i t h e r  a 
20 degree o r  60 degree spreading angle. The lens  created a t h i n  l i g h t  sheet which 
passed through the  t e s t  section. The l a s e r  l i g h t  sheet was a l i gned  e i t h e r  normal t o  
the  model sur face o r  p a r a l l e l  t o  t he  vor t i ces .  
Both s t i l l  and high-speed mot ion p i c t u r e  photography were used t o  record  the 
v i sua l  data. A Nikon FM2, 35mm SLR camera and Kodak Tr i -X 400 ASA b lack  and wh i te  
p r i n t  f i l m  were  used f o r  t h e  s t i l l  photographs.  F o r  t h e  h igh-speed mov ies  a 
Mi1 l i k e n  DBM-5, 16mm mot ion p i c t u r e  camera was used. F i l m  frame r a t e s  of 500 frames 
per  second ( s h u t t e r  speed 1/1300 sec) were used w i t h  Eastman 4-X Negative f i l m .  
Several p r e l i m i n a r y  experiments us ing  a s i n g l e  component l a s e r  anemometer have 
been conducted us ing  the  70 degree swept d e l t a  wing. The l a s e r  anemometer system 
consis ted o f  a 4 w a t t  argon i o n  l a s e r  (an ou tput  l e v e l  o f  about 1 w a t t  was obtained 
when operated w i t h  the  514.5mm 1 ine), a 50mm beam s p l i t t e r  and a 500mm f o c a l  length  
lens  as the  t r a n s m i t t i n g  op t ics ,  and a r e c e i v i n g  o p t i c s  i n  an o f f -ax i s ,  forward 
s c a t t e r i n g  conf igura t ion .  Kerosene smoke was used as t h e  s c a t t e r i n g  p a r t i c l e s .  The 
s igna l  was processed by a counter and the data were recorded by a data a c q u i s i t i o n  
system based on a PDP 11/23 minicomputer. 
Experimental Resul ts  
Flow Visual  i z a t i o n  Results 
Smoke f l o w  v i s u a l i z a t i o n  and t h e  l a s e r  sheet technique were used t o  s tudy the  
s t r u c t u r e  of ieading-edge v o r t i c e s  as they  break down, F igure 7 i s  a sketch o f  the  
experimental setup. A t  low f reesweam veloci t ies  (as low as 3 m/s), d e t a i l s  o f  the  
f low can be clearly seen w h k h  are usua l l y  impercept ib le  a t  h i g h e r  speeds, A 
c o m b i n a t i o n  of l a t e r a l  and  l o n g i t u d i n a l  l a s e r  c r o s s - s e c t i o n a l  v i e w s  p r o v i d e s  
information on the three-dimensional nature o f  the vortex structure before, during 
and a f t e r  breakdown, Close-up h igh-speed  motion picture photography provides 
detai ls  of the dynam-r"~ charac-terl"r;dfcs of the breakdown precess, An attempt is  made 
to  c lass i fy  the observed breakdown modes using these methods, 
Four thin sharp-edged delta wings with sweep angles of 70, 75, 80 and 85 
degrees were photographed a t  angles of attack of 10, 20, 30 and 40 degrees. Vortex 
breakdown was observed t o  occur above a l l  four wings a t  40 degrees angle of attack. 
Since vortex breakdown i s  the phenomenon of primary in teres t  here, only the resul ts  
a t  40 degrees angle of attack for  each w i n g  will  be presented. 
Early i n  the investigation i t  was discovered tha t  operating a t  re lat ively low 
speeds resulted i n  bet ter  resolution of flow features due to  a reduced level of 
turbulence i n  the t e s t  section and a higher density of smoke. For t h i s  reason a 
freestream velocity of 3 m/s was chosen f o r  a l l  flow visualization tests.  This 
resulted i n  a Reynolds number based on root chord of approximat 0. 
One notable consequence of operating a very low speeds was the tendency of the 
position of the breakdown to  wander on the more highly swept wings. For the 
lowest  sweep wing (70 deg), the  breakdown loca t ions  of the  v o r t i c e s  were 
approximately symmetric and s teady except f o r  a high-frequency longi tudina l  
o s c i l l a t i o n  about some mean posi t ion.  The magnitude of this o s c i l l a t i o n  was 
relat ively small (about 1 cm). On the more highly swept wings the locations of the 
breakdowns became increasingly asymmetric and unsteady i n  the i r  mean 1 ocation. On 
the 85 degree sweep wing the breakdown location of both vortices was observed to  
wander forward and a f t  on the model apparently a t  random. However, i f  the tunnel 
speed was increased (to say 15 m/s) the unsteadiness i n  mean position disappeared 
although the breakdown positions s t i l l  tended t o  be asymmetric. No measurable 
asymmetry could be i d e n t i f i e d  i n  t he  model geometry; however, t h e  accuracy i n  
measurement of yaw angle was approximately 1/2 degree which could account f o r  the 
asymmetric breakdown i f  the model was misaligned by tha t  amount. In w i n d  t u n n  1 % t e s t s  of highly swept d e l t a  wings (75-85 deg) a t  a Reynolds number of 1 x 10 , 
Wentz (Ref. 3) observed tha t  the breakdown location was quite sensit ive to  yaw. A 
misalignment of a s  l i t t l e  a s  0.1 degrees was s u f f i c i e n t  t o  cause asymmetric 
breakdown. The loca t ion  of breakdown a t  15 m/s f o r  the  ings t e s t e d  i s  
presented i n  Figure 8. 
In summary, the wandering of the mean location of breakdown on the 80 and 85 
degree wings occurred only a t  low speeds but t h e  asymmetry in  mean breakdown 
location fo r  those wings occurred a t  both low (3 m/s) and relat ively high (15 m/s) 
speeds. The 1 ow- magnitude, high- frequency oscil  lation of the breakdown location 
occurred for  a l l  wings a t  a l l  speeds tested. 
Figure 9a d e p i c t s  the  geometry of t h e  70 degree wing. Figure 9b i s  a 
photograph of t h i s  model a t  40 degrees angle of attack. A tube of smoke introduced 
upstream of the  cont rac t ion  cone impinges on the  apex of the d e l t a  w i n g  and i s  
entrained into the vortices. W 1000 watt flood lamp placed outside the t e s t  section 
i s  illuminating the vortices through the glass side wall of the t e s t  section. Both 
vortices are  breaking down about 1/3 of the way down the model from the apex. 
Figure 9c is a m u l t i p l e  expasure photograph sf the 98 degree del ta  wing u s i n g  
the laser skeet technfque, Vortex cross sections are i l l u m i n a t e d  by passing the 
laser beam through a cy9indricaI lens which sgll ts  i t  i n t o  a t h i n  sheet or  plane s f  
l ight,  She l i g h t  sheet then cuts across the t e s t  section. In t h j s  ease the sheet -is 
perpendicular  t o  t he  model, The l i g h t  sheet i s  eztpandjng a t  a h a l f  angle  sf 
approximately 19 degrees, 
Note the absence of smoke i n  the core region of the vortices i n  the two most 
forward cross sections of Figure 9c. This lack of smoke can probably be attributed 
to  one or more of the following factors. (1) The smoke i s  introduced only a t  the 
apex of the model, therefore, much of the f lu id  i n  the core region i s  entrained from 
areas which contain no smoke to  begin w i t h .  (2)  Velocities i n  the core can reach 
th ree  t o  f i v e  t imes  the  f rees t ream value which reduces the  dens i ty  of smoke 
entrained in to  the core. (3 )  High rotational veloci t ies  i n  the core tend t o  iispinii 
smoke part ic les  out. 
The f i r s t  reason may be the most s ignif icant  because the diameter of the region 
which is  void of smoke was observed t o  vary depending on where the smoke filament 
impinged on the model. If the filament impinged on the lower surface below the 
apex, the void region was seen t o  increase i n  diameter. Despite the f a c t  t ha t  the 
void may not  correspond t o  t h e  t r u e  diameter  of the  core,  f o r  t h e  sake of 
simplicity, i t  will  be referred to  as the core i n  the remainder of th i s  paper. 
In the forward cross sections of Figure 9c, the presence of a core indicates 
that  the vortex has not yet broken down. In the t h i r d  and following cross sections, 
which are  downstream of the breakdown points, no core regions are  evident and the 
vortices appear turbulent and diffuse, 
Figure 9d i s  a photograph of the  70 degree wing a t  the  same condi t ions  a s  
previously s t a t e d  except t h a t  t he  l a s e r  shee t  has been ro ta ted  90 degrees t o  
i l l umina te  a longi tudina l  c ross  sec t ion  of the  vo r t i ces .  The dark core  region 
maintains an approximately constant diameter until  suddenly expanding just before 
breaking down. Downstream of the breakdown the vortices are rather featureless. 
Figures 10, 11 and 12 present s imilar  views of the 75, 80 and 85 degree wings 
respectively. Note tha t  the breakdown occurs fa r ther  a f t  as the sweep angle i s  
increased. Also note the fine de ta i l s  vis ible  in the photographs of the 85 degree 
delta wing. The high sweep angle resu l t s  i n  lower swirl velocities and therefore 
less  diffusion of the smoke. 
In Figure 12b the spiral  nature of the vortices i s  visually emphasized by the 
appearance of s t r i a t ions  in the smoke. The s t r i a t ions  become vis ible  when the flow 
i s  accelerated around the leading edge and the smoke mixes with entrained flow i n  
the  vortex. In t h i s  photograph the  vortex on the  r i g h t  i s  breaking down a t  
approximately the mid-chord posi tion while the l e f t  vortex does not break down until 
somewhere in the wake. The combination of high sweep and low freestream velocity 
usually resulted in asymmetric vortex breakdown as previously discussed. Which 
vortex would breakdown f i r s t  could not be predicted and was observed t o  change back 
and for th a t  irregular intervals. This was probably the resul t  of small changes in 
the freestream conditions due t o  gusts or  changes in the direction of the wind a t  
the tunnel exi t ,  
In Figure $ 2 ~  i t  i s  possl'ble t o  ac tua l ly  see "r;e roll-up o f  the shear layer 
which forms "&he psrl'mary vor"r;"l"ces and  the development of secondary vorl ical  -7  4 ke 
s t ruc tu res  i n  the shear Sayer, The growth o f  these secondary s t ruc tu res  I s  s i m i l a r  
t o  t h e  e v o S u t i o n  o f  t h e  c l a s s i c  Kel  v i n - H e l  mhoS $;z fnsta l r l "  l i t y .  Gad-el-Hak and 
Blackwelder (Ref, 4) s i m i l a r 9  y observed the  development o f  secondary vertical - l I ke 
s t r u c t u r e s  =in a t o w i n g  t a n k  e x p e r i m e n t  w i t h  a 68 degree d e l t a  wing. I n  t h e i r  
experiments, which were conducted a t  a  Reynolds number o f  13,000 and a l s o  employed 
the  l a s e r  sheet technique, dye i n j e c t e d  near the  l ead ing  edge was observed t o  r o i l -  
up i n t o  r e g i o n s  o f  s t r o n g  c o n c e n t r a t i o n  separa ted  b y  a  v e r y  t h i n  b r a i d  o f  dye. 
These concentrated regions i n  t h e  shear l a y e r  were assumed t o  be d i s c r e t e  vor t ices.  
The f a c t  t h a t  these s t ruc tu res  have been i d e n t i f i e d  i n  bo th  tow tank experiments 
u s i n g  dye i n j e c t i o n  and w i n d  t u n n e l  e x p e r i m e n t s  u s i n g  smoke suggests  t h a t  t h e  
observed s t r u c t u r e s  a r e  i n d e e d  a s s o c i a t e d  w i t h  t h e  f l o w  and a r e  n o t  m e r e l y  a  
consequence o f  t he  v i s u a l i z a t i o n  method. 
I n  F igure  12d i t  i s  t h e  r i g h t  vo r tex  which i s  breaking down. D e t a i l s  i n  t he  
r e c i r c u l a t i o n  zone o r  "bubble" reg ion  are  c l e a r l y  v i s i b l e .  Note t h a t  t h e  v o r t i c e s  
c u r v e  s l i g h t l y  away f r o m  t h e  w i n g  ( "ou t "  o f  t h e  pho tog raph )  and s i n c e  t h e  l a s e r  
shee t  i s  p l a n e r ,  t h e  l a s e r  c r o s s  s e c t i o n  c u t s  a t  an a n g l e  t h r o u g h  t h e  v o r t i c e s .  
T h i s  i s  why the  core region i s  only  v i s i b l e  f o r  a  p o r t i o n  o f  t he  e n t i r e  cross 
s e c t i o n .  The d i r e c t i o n  o f  t h e  s p i r a l  on t h e  r i g h t  s i d e  o f  t h e  l o w e r  v o r t e x  
i nd i ca tes  the  l a s e r  sheet i s  c u t t i n g  across t h e  underside o f  t he  vo r tex  a t  t h a t  
po in t .  
An ex t remely  use fu l  t o o l  i n  the  ana lys is  o f  compl icated f l o w s  i s  the  mot ion  
p i c t u r e  camera. I n  o r d e r  t o  o b t a i n  a  b e t t e r  u n d e r s t a n d i n g  o f  t h e  breakdown 
s t ruc ture ,  a M i l l i k e n  high-speed movie camera was used t o  photograph the  phenomenon 
a t  500 frames per  second. The e f f e c t i v e  shu t te r  speed f o r  a  s i n g l e  frame was 1/1300 
o f  a  second. I n  F i g u r e s  13-16, s i n g l e  f rames  f r o m  t h e  16mm mov ies  have been 
i s o l a t e d  and en1 arged. The photographs are  1  ongi t u d i n a l  and 1  a t e r a l  1  aser sheet 
cross sec t ions  o f  vo r tex  breakdown on the  85 degree d e l t a  wing. Accompanying t h e  
photographs a r e  ske tches  d e p i c t i n g  t h e  s a l i e n t  f e a t u r e s  observed i n  t h e  mov ie  
frames . 
One o f  t he  goals o f  t h i s  study i s  t o  i d e n t i f y  t h e  type o r  types of breakdowns 
which occur on sharp-edged d e l t a  wings a t  these Reynolds numbers; however, a  c e r t a i n  
amount o f  cau t i on  must be exerc ised when i n t e r p r e t i n g  f l o w  v i s u a l i z a t i o n  resu l t s .  
What i s  n o t  seen may be j u s t  as impor tan t  as what i s  seen. The s t i l l  photographs 
described above, together  w i t h  t h e  high-speed mot ion p ic tu res ,  can be i n t e r p r e t e d  i n  
var ious ways. The p a r t i c u l a r  ambigu i ty  which makes a  d e f i n i t e  i d e n t i f i c a t i o n  o f  t he  
breakdown process d i f f i c u l t  i n  t h i s  case i s  t h a t  t h e  smoke i n  these photographs i s  
en t ra ined i n t o  t h e  o u t e r  reg ion  o f  t h e  vor tex  and n o t  i n t o  the  core and i t  i s  t he  
b e h a v i o r  o f  t h e  c o r e  w h i c h  i s  o f  p r i m a r y  i n t e r e s t .  The c o r e  b e h a v i o r  m u s t  be 
i n f e r r e d  b y  observ ing a  reg ion  v o i d  o f  smoke. W i th  t h i s  d i f f i c u l t y  i n  mind two  
poss ib le  breakdown forms w i  11 be described. 
The f i r s t  type o f  breakdown process resembles t h e  bubble fo rm descr ibed i n  
vor tex  tube experiments found i n  the  l i t e r a t u r e .  I n  F igure  13 the  core f l o w  seems 
t o  expand around an o v a l  shaped r e c i r c u l a t i o n  zone. A t  t h e  e x i t  o f  t h i s  
r e c i r c u l a t i o n  zone the  core f l o w  appears t o  shed i n  the  fo rm o f  vor tex  r i n g s  which 
are  then convected downstream. The cross sec t i on  o f  these doughnut shaped vo r tex  
rings appears as a p a i r  o f  holes i n  the smoke, Figure "1 shows a l a t e r a l  cross 
sec t ion  o f  t he  r e c i r c u l a t i o n  zone which i s  surrounded by a r i n g  o f  core f low,  
The breakdown process descr ibed was occas ional  l y  observed t o  change i n t o  what 
might  be i n t e r p r e t e d  as a  s p i r a l  mode, When t h i s  occur red  the  mean location o f  t h e  
breakdown moved downstream and took the  form dep i c ted  i n  F igu re  15, "fe l a rge  
r e c i r c u l a t i o n  none has d i sappeared  and t h e  c o r e  f l o w  now appears t o  c o r k s c r e w  
downstream. I n  t h i s  case the  holes i n  the  f l o w  are assumed t o  be cross sect ions o f  
- the  s p i r a l i n g  care f low,  ! h i s  type o f  r e s u l t  was a l so  obtained i n  wind tunnel  t e s t s  
a t  ONERA us ing the  l a s e r  sheet technique (Ref. 5). I n  t h a t  study "holes" appearing 
i n  the  wake o f  a breakdown were a l so  observed and i n t e r p r e t e d  t o  be cross sect ions 
o f  t h e  s p i r a l i n g  v o r t e x  core. F i g u r e  16  shows a l a t e r a l  c r o s s  s e c t i o n  w h i c h  
appears t o  show a r o t a t i n g  core. A f t e r  a s h o r t  t i m e  t h i s  s p i r a l  mode wou ld  
t ransform back i n t o  t h e  "bubble" fo rm and move upstream. 
Further  experiments are planned t o  v e r i f y  one o r  bo th  o f  the  above desc r ip t i ons  
o f  breakdown modes. I n  p a r t i c u l a r  an a t tempt  w i l l  be made t o  in t roduce smoke i n t o  
the  vor tex core f rom a p o r t  i n  the  sur face o f  t h e  model. 
LDA Measurements 
A l a s e r  anemometer was used t o  measure t h e  a x i a l  and normal  components o f  
v e l o c i t y  through the  vor tex  core o f  the  70 degree d e l t a  wing a t  30 degrees angle o f  
at tack.  
An example o f  these p r e l i m i n a r y  measurements i s  shown i n  Figure 17. Th is  f i g u r e  
shows the  change i n  a x i a l  v e l o c i t y  d i s t r i b u t i o n  before  and a f t e r  vor tex  breakdown. 
Breakdown o f  t he  vor tex  occurred between s t a t i o n s  x/c = 0.47 and x/c = 0.54. The 
a x i a l  v e l o c i t y  ups t ream o f  t h e  v o r t e x  breakdown p o i n t  i s  o v e r  t h r e e  t i m e s  t h e  
f r e e s t r e a m  v e l o c i t y  i n  t h e  v o r t e x  core. However, t h e  wake su rvey  made j u s t  
downstream o f  the  breakdown shows a reg ion o f  v e l o c i t y  d e f i c i t  w i t h  respect  t o  t h e  
surrounding f low.  
The t i m e  r e q u i r e d  f o r  a t r a v e r s e  o f  t h e  v o r t e x  depended on t h e  number o f  
samples acquired a t  each po in t ,  t he  number o f  s c a t t e r i n g  p a r t i c l e s  i n  t h e  f low,  
movement o f  t h e  inst rument  t o  the  next  po in t ,  and the  t o t a l  number o f  p o i n t s  i n  t h e  
t r a v e r s e .  Thus, t h e  LDA r e s u l t s  r e p r e s e n t  a t i m e  a v e r a g e  o f  t h e  f l o w  
c h a r a c t e r i s t i c s  and do n o t  e n t i r e l y  r e f l e c t  t he  complicated nature o f  the  breakdown 
reg ion .  Never the less ,  v a l u a b l e  i n s i g h t  i s  ga ined  f r o m  t h e  average v e l o c i t y  
p r o f i l e s .  
Figure 18 shows the  change i n  s w i r l  v e l o c i t y  a t  var ious pos i t i ons  a long t h e  
wing. Aga in  we see a d r a m a t i c  change i n  s w i r l  v e l o c i t y  a f t e r  breakdown has 
occurred. 
Conclusions 
Smoke f l o w  v i s u a l i z a t i o n  and the  l a s e r  sheet technique have been shown t o  be 
e f f e c t i v e  t o o l s  i n  the  study o f  v o r t i c a l  f l o w  f i e l d s .  The p o s i t i o n  o f  leading-edge 
v o r t i c e s  and t h e  l o c a t i o n  o f  t h e i r  breakdown a t  h i g h  ang les  o f  a t t a c k  can be 
determined. D e t a i l s  o f  the  breakdown process have been studied using s t i l l  and h igh-  
speed motSon p i c t u r e  photography. 
The f a l l o w i n g  observa t ions  were made concerning vor tex  breakdown on d e l t a  wings 
a t  low Reynolds number: 
(1) A t  a given angle o f  a t tack ,  as  the sweep ang le  $ 5  increased, the Icacatisn of 
breakdown moves a f t .  
( 2 )  For a given s e t  o f  condi t ions  the  breakdown loca t ion  o s c i l l a t e d  a t  high 
frequency about a mean position and fo r  highly swept wings (sweep = 80, 85 deg) a t  
Sow speeds the mean position would migrate considerably forward and a f t  on the 
models. 
(3) High- speed motion pictures revealed what appears t o  be two types of breakdown 
on the 85 degree wing, a bubble mode and a spiral  mode. The two modes were seen t o  
transform from one to  the other apparently a t  random w i t h  the bubble form seeming t o  
prefer a more upstream location re la t ive  t o  the spiral  mode. The existence of more 
than one mode of breakdown a s  well a s  t h e i r  behavior w i t h  respec t  t o  preferred 
location is  consistent with observations of vortex breakdown i n  tubes reported in 
the 1 i terature. 
(4) Velocity profiles obtained w i t h  a laser  anemometer showed the development of a jet-l ike core flow which reached three times the freestream velocity before breaking 
down. After the breakdown the velocity profiles became wake-like in nature. 
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Figure 1 7 .  LDA measurements: a x i a l  v e l o c i t y  p r o f i l e s .  
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